Featured Application: Pyrophosphate crystals with low effective mass leading to high electron mobility could be used in radiation detectors. In addition, with a large range of absorption in the infrared, visible, and ultraviolet spectral regions, they could be used in the optical field. The prediction of novel mechanical properties of pyrophosphate may lead to new applications.
Introduction
In comparison with oxides or nitrides, the structure and properties of phosphates are much more complex and less well studied. However, they are critically important and explored in multiple mechanical calculations always play a role in such cases in providing the information on electronic structure, molecular interaction, and reactivity. They have implications on physical properties including vibrational, optical, and mechanical properties. Such studies on phosphate crystals can facilitate identifying the potential usage of these complex materials. Several such investigations have appeared in the literature in recent years. Tang et al. [16] investigated the behavior of phosphate species using ab initio molecular dynamics. Application of pyrophosphate for water oxidation catalysts was investigated by Kim et al. [17] using both experimental and computational methods. Other density functional theory (DFT)-based calculations for different kinds of pyrophosphates has been done by Witko et al. [18] , Zhang et al. [19] , and Xiang et al. [20] .
In this work, we present the results of calculations of five pyrophosphate crystals including the one that was published a year ago on K 2 Mg(H 2 P 2 O 7 ) 2 ·2H 2 O [21] . The only difference in the structural components of these five crystals are the alkali metal K or NH 4 and metallic elements such as Mg, Zn, or Cu. They have the same pyrophosphate group H 2 P 2 O 7 and same number of H 2 O molecules. As expected, the electronic structure and bonding in these five crystals are very similar, but to our great surprise, they show some considerable variations. The presence of narrow metallic bands at the top of valence band (VB) in the two Cu-containing pyrophosphates is identified. Also, the mechanical properties with the parameter gauging brittleness and ductility can differ by as much as 50%. Since the mechanical properties of all materials ultimately depends on the strengths of interatomic bonding, what could be the atomistic origin of such unusual behavior for the pyrophosphate crystals? With the detailed and accurate calculations of the electronic structure and mechanical and optical properties, we offer some tangible insights that defies the conventional wisdom. In the next two sections, we briefly describe the crystal structures and computational methods used in the calculation. The main results are presented and discussed in Section 4. The paper ends with a summary and some conclusions.
Crystal Structures
The five pyrophosphates in this paper are K 2 O]. These crystals were synthesized using the wet method. This method is generally applied by the strategy followed by our scientific team (RK, KB, and MH) to obtain multicomponent compounds such as acidic pyrophosphates studied in this work. This method is based on the preparation of a solution of the various precursors, which are generally sodium or potassium pyrophosphates (Na 4 2 . We then resort to the solubilization of all these precursors by the addition of a strong acid of the HCl type (pH of solute must be controlled), sometimes with slow stirring. Afterward, slow evaporation at room temperature for all the solute leads to the formation of single crystals. These pyrophosphates have well-characterized crystal structure as well as vibrational analysis, Raman, and infrared spectra reported such as K 2 O] are same crystal structure with different space group. i.e., P-1 and Pnma respectively. Their Raman and infrared vibrational spectroscopic analysis is done by Khaoulaf et al. [25] .
The structure of these five crystals after optimization are shown in Figure 1 . As already pointed out in ref [21] , crystal containing light H atoms have difficulties in accurately locating the positions of H atoms because of the weak intensity signal in the measurement. This results in the unrealistically short O-H bonds. This deficiency has been rectified by accurate ab initio geometry optimization implemented in the Vienna Ab initio Simulation Package (VASP) to be explained in section below. The optimized crystal parameters for all five crystals are shown in Table 1 . In the later discussion on the structural characteristics and their physical properties of these five crystals, we will focus on the difference and interplay between the three structural units. The first unit is the cationic group consisting of metallic elements. The only difference in the crystal composition is in the first structural unit K or NH 4 and metallic element Mg, Zn, or Cu. The composition from the other two structural units, pyrophosphate group H 2 P 2 O 7 and water are the same. To save space, we will name these five crystals as C1 to C5 with difference only in the first two components of unit 1: C1 for K 2 same crystal structure with different space group. i.e., P-1 and Pnma respectively. Their Raman and infrared vibrational spectroscopic analysis is done by Khaoulaf et al. [25] . The structure of these five crystals after optimization are shown in Figure 1 . As already pointed out in ref [21] , crystal containing light H atoms have difficulties in accurately locating the positions of H atoms because of the weak intensity signal in the measurement. This results in the unrealistically short O-H bonds. This deficiency has been rectified by accurate ab initio geometry optimization implemented in the Vienna Ab initio Simulation Package (VASP) to be explained in section below. The optimized crystal parameters for all five crystals are shown in Table 1 . In the later discussion on the structural characteristics and their physical properties of these five crystals, we will focus on the 
Computational Methods
We used two computational packages in this study: VASP [26] and Orthogonal Linear Combination of Atomic Orbitals (OLCAO) [27] . Both are based on the density functional theory. For structural optimization and elastic properties calculations using VASP, we used the PAW-PBE potential [28] with generalized gradient approximation (GGA) for the exchange correlation potential. We used a relatively high energy cutoff of 600 eV. The electronic and ionic force convergence criteria are set at 10 −9 eV and 10 −7 eV/Å respectively. A 6 × 6 × 6 k-point mesh was used for C1, C2, and C3 crystals and a less dense mesh of 4 × 4 × 4 for the two larger crystals C4 and C5. No discernable difference in the relaxed structure was observed using other exchange correlation functions such as hybrid functional PBE0, HSE03, and applying van der Waals correction in the case of
The calculation of mechanical properties using the optimized structure has been described before [29, 30] . Specifically, we apply a small strain (± 0.25%) to the crystal. The elastic tensor elements are obtained using the stress (σ j ) vs strain ( i ) response analysis scheme to the relaxed structure and then obtained the elastic coefficients C ij (i, j = 1, 2, 3, 4, 5, 6 (using Hooks law) and compliance coefficient S ij by solving the set of linear equations From the calculated C ij and S ij , other mechanical properties such as bulk modulus (K), shear modulus (G), Poisson's ratio (η), and Young's modulus (E) are obtained using Voight-Reuss-Hill (VRH) polycrystals approximation [31, 32] .
For electronic structure and interatomic bonding, we use the in-house developed OLCAO with the VASP-relaxed structure as input. A more localized minimal basis (MB) is used for the calculation of effective charge Q * α and bond order (BO) values. The BO is the overlap population ρ αβ between any pair of atoms (α, β) based on Mulliken population analysis [33, 34] . Mulliken analysis is only meaningful for comparisons between different materials if the same basis set in the same computational package is used as in the present case. Mulliken analysis is more effective if a localized basis is used, and we always use the minimal basis as implemented in OLCAO method with the same atomic basis for all atomic species [27] . The same approach has been successfully applied to many different materials systems including complex biomolecular systems [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] .
(1)
In the above equation, S iα.jβ are the overlap integrals between the i th orbital in α th atom in the j th orbital in β th atom. C m jβ is the eigenvector coefficients of the m th occupied band. The BO from equation (2) defines the relative strength of the bond. Total bond order density (TBOD) is obtained by normalizing the total BO (TBO) with cell volume. TBOD is a single metric to access the internal cohesion in the crystal and can be decomposed partial components (PBOD) for any structural units or groups of bonded atomic pairs.
For the calculation of interband optical properties in the form of frequency-dependent complex dielectric function (hω) = ε 1 (hω) + iε 2 (hω), the imaginary part ε 2 (hω) is calculated first according to
where l and n are for the occupied and unoccupied states respectively. ψ n (k, r) are the ab initio Bloch functions from OLCAO calculation using a full basis (FB) set and a larger k-point sampling. f l (k) and f n (k) are the Fermi distribution functions. The real part ε 1 ( ω) is obtained from the imaginary part ε 2 ( ω) through Kramers-Kronig transformation [46] . The combination of using VASP and OLCAO packages with two different basis expansions is highly effective in revealing the subtle features in the material properties especially on the atomic scale details. The method is particularly useful for highly complex crystals or non-crystalline materials as demonstrated in some of recent publications [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] .
Results and Discussion

Electronic Structure
The calculated band structures for the five pyrophosphate crystals are shown in Figure 2 . They are all insulators with large direct band gaps at Γ ranging from 3.70 eV to 5.22 eV and listed in Table 3 . However, on a closer inspection, we find that in C3 and C4 the states near the VB top are actually metallic bands with both occupied and unoccupied band below and above the Fermi level. This is illustrated in Figure 2c Bloch functions from OLCAO calculation using a full basis (FB) set and a larger k-point sampling.
( ) and ( ) are the Fermi distribution functions. The real part 1 (ℏ ) is obtained from the imaginary part 2(ℏ ) through Kramers-Kronig transformation [46] . The combination of using VASP and OLCAO packages with two different basis expansions is highly effective in revealing the subtle features in the material properties especially on the atomic scale details. The method is particularly useful for highly complex crystals or non-crystalline materials as demonstrated in some of recent publications [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] .
Results and Discussion
Electronic Structure
The calculated band structures for the five pyrophosphate crystals are shown in Figure 2 . They are all insulators with large direct band gaps at Γ ranging from 3.70 eV to 5.22 eV and listed in Table  3 . . However, on a closer inspection, we find that in C3 and C4 the states near the VB top are actually metallic bands with both occupied and unoccupied band below and above the Fermi level. This is illustrated in Figure 2 Table 1 are comparable with each other around 0.143 me to 0.149 me. They can be compared to other wide-gap semiconductors such as AIP (0.13 me) [47] , GaN (0.19 me) [48] , ZnSe (0.17 me) [49] , ZnTe (0.16 me) [50] , CdS (0.20 me) [51] , and CdSe (0.13 me) [52] . The small effective mass implies these crystals could have large electron mobility in the CB. Therefore, pyrophosphate crystals with wide band gap and high electron mobility could be used in radiation detector [53] . [50] , CdS (0.20 m e ) [51] , and CdSe (0.13 m e ) [52] . The small effective mass implies these crystals could have large electron mobility in the CB. Therefore, pyrophosphate crystals with wide band gap and high electron mobility could be used in radiation detector [53] .
The total density of states (TDOS) for all five crystals with energy range from −25 to 25 eV are shown in Figure 3 . The TDOS are further resolved into partial density of states (PDOS) for the four structural units. These give more detailed information on the interaction between different groups and the difference among five crystals. For example, in crystals containing K, a sharp peak at around-10 eV is due to semi-core nature of K-3p orbital. We see a slight double peak for K due to two different types of K based on sites. (NH 4 ) 2 Zn(H 2 P 2 O 7 ) 2 ·2H 2 O is the only crystal containing NH 4 ligand instead of K. The sharp peak at around −16.38 eV is due to both N and H atoms, and a smaller peak at −6.49 eV is due to N-2p orbital. For C3 and C4, the gap state arises purely from Cu 3d electrons with possible interaction with water and the pyrophosphate group (H 2 P 2 O 7 ) 2 . In Figure 3f , we specifically show the PDOS of Cu in C3 and C4 in the energy range from −8 eV to 8 eV with the zero of energy located at the Fermi level. It should be mentioned that the current calculation is not spin-polarized based on the assumption that the pyrophosphates studied in this paper are all paramagnetic. To get much deeper insight on Cu-containing pyrophosphates, spin-polarized calculation, or DFT +U approach should be attempted. The total density of states (TDOS) for all five crystals with energy range from -25 to 25 eV are shown in Figure 3 . The TDOS are further resolved into partial density of states (PDOS) for the four structural units. These give more detailed information on the interaction between different groups and the difference among five crystals. For example, in crystals containing K, a sharp peak at around-10 eV is due to semi-core nature of K-3p orbital. We see a slight double peak for K due to two different types of K based on sites. (NH4)2Zn(H2P2O7)2•2H2O is the only crystal containing NH4 ligand instead of K. The sharp peak at around -16.38 eV is due to both N and H atoms, and a smaller peak at -6.49 eV is due to N-2p orbital. For C3 and C4, the gap state arises purely from Cu 3d electrons with possible interaction with water and the pyrophosphate group (H2P2O7)2. In Figure 3 (f), we specifically show the PDOS of Cu in C3 and C4 in the energy range from -8 eV to 8 eV with the zero of energy located at the Fermi level. It should be mentioned that the current calculation is not spin-polarized based on the assumption that the pyrophosphates studied in this paper are all paramagnetic. To get much deeper insight on . 
Partial Charge Distribution
The partial charge (PC) ∆Q on each atom is defined as the deviation of the effective charge Q * α (Equation (1)) from the neutral charge Q 0 on the same atom, or ∆Q = Q 0 − Q * α . We have calculated the PC for every atom in all five crystals as shown in Figure 4 . As expected P, Mg, K, Cu, and H have positive PC whereas O and N atoms have negative PC and their values are very similar. Minor variations of the PC for P, H, or O only reflect their locations in the structural units of H 2 P 2 O 7 or H 2 O. The minor variations can also originate from the different crystal symmetry, triclinic vs orthorhombic. Thus, the PC for each atom in the crystals shown in Figure 4 are not very insightful. On the other hand, grouping the PC for atoms in each of the three structural unit will be quite revealing. They are listed in Table 2 . It is noted that there are considerable differences in the PC of the three structural units between the five crystals including the two water molecules (2·H 2 O). This indicates that there could be subtle difference in inter molecular interaction and corresponding reactivity.
for every atom in all five crystals as shown in Figure 4 . As expected P, Mg, K, Cu, and H have positive PC whereas O and N atoms have negative PC and their values are very similar. Minor variations of the PC for P, H, or O only reflect their locations in the structural units of H2P2O7 or H2O. The minor variations can also originate from the different crystal symmetry, triclinic vs orthorhombic. Thus, the PC for each atom in the crystals shown in Figure 4 are not very insightful. On the other hand, grouping the PC for atoms in each of the three structural unit will be quite revealing. They are listed in Table 2 . It is noted that there are considerable differences in the PC of the three structural units between the five crystals including the two water molecules (2•H2O). This indicates that there could be subtle difference in inter molecular interaction and corresponding reactivity.
Interatomic Bonding
The best way to describe the interatomic interaction is to show the BO vs BL distribution in each crystal and then use the data to obtain the TBOD and PBOD for each structural unit. The BO vs BL distribution for the five pyrophosphate crystals turns out to be quite similar, except for C3 and C4 containing Cu. We present the distribution for crystal C2 ((NH4)2Zn(H2P2O7)2•2H2O) and C4 (4[K2Cu 
The best way to describe the interatomic interaction is to show the BO vs BL distribution in each crystal and then use the data to obtain the TBOD and PBOD for each structural unit. The BO vs BL distribution for the five pyrophosphate crystals turns out to be quite similar, except for C3 and C4 containing Cu. We present the distribution for crystal C2 ((NH 4 Figure 5a ,b, respectively. More detailed discussion for C1 has been described in [21] . Essentially, there are seven types of different interatomic bonds for each crystal. The five common bonds in each crystal are covalent bonds (P-O, O-H), hydrogen bond (HB) (O···H), bridging bonds (O-H-O), and negligibly weak (O-H) bonds when far apart. The covalent P-O bonds within the structural unit H 2 P 2 O 7 is the strongest bonds, and they are only slightly different in each crystal, which implies the strong tetrahedral unit PO 4 as is true in all phosphates. Mg-O and Zn-O bonds are stronger in comparison to K-O bonds, and they form octahedral units in the respective crystal. In C2, the unique covalent N-H bonds are very strong since they are part of the intramolecular bonds in NH 4 . The BO for Cu-O in C3 and C4 with same chemical composition are quite different (Not shown). In C3, some Cu-O bonds have a larger BL of 2.50 Å with a lower BO of 0.054 e. This shows difference in bonding due to crystal structure. The sum of total bond order values in the crystal when normalized by volume gives the TBOD, a very useful parameter to identify internal cohesion in pyrophosphate crystals, and they are listed in Table 3 . It turns out that C2 has the highest cohesion with TBOD of 0.02743 e -/Å 3 , much larger than the other four crystals with very similar TBOD. The PBOD from different bond types is shown in Figure 5c in the form of histogram. P-O bonds have highest contribution in all crystals and is responsible for its internal cohesion. Apart from the strong N-H bonds in C2, O-H is second most significant bonds in these crystals. However, all other bonds also play its part in crystal cohesion of pyrophosphates including the O···H hydrogen bonds. 4. Also included are the Pugh ratio G/K and the universal elastic anisotropy parameter A U [54] . A U equal to 0 implies perfect isotropy and is usually much less than 2 and seldom goes beyond 4 for most crystals with different crystalline symmetries [54] . There is a large variations of A U among the five pyrophosphate crystals with a low value of 0.7182 for C4 and high value of 3.610 for C1, thus C1 is far more elastically anisotropic than C4. Generally speaking, low symmetry triclinic crystal should have higher A U compared to orthorhombic crystals, however, it is still disconcerting that C5, which is also orthorhombic, has much larger A U than C4. Each of these mechanical parameters are correlated and all are derived from the elastic coefficients. The higher the bulk modulus, the less compressible is the system. Shear modulus is related to the rigidity of the material and Young's modulus represent stiffness of the material. G/K is a parameter based on Pugh's criteria [55] to estimate brittleness or ductility in pure metals from comparative analysis. i.e., if G/K ratio is high, then it is brittle and ductile if the G/K ratio is low. However, Pugh's ratio may also work in other materials, as it also has relation with Poisson's ratio (ɳ) i.e., higher G/K ratio lower is ɳ and vice versa. All five crystals have low K and G values, with K ranges from 22.88 GPa to 30.28 GPa and G ranges from 13.90 GPa to 15.63 GPa respectively. As a result, G/K ratio ranges from a low value of 0.4591for C4 to a much higher value of 0.6831 for C1. This is a variation of almost 50% in the Pugh ratio signal the brittle nature for C1 and being ductile for C4. Given the fact that they have almost identical TBOD (C1: 0.02125 and C4: 0.2139), there must be a credible reason for rationalization with the use of Pugh ratio.
In Figure 6 , we plot the G vs K in the range for K from 0 to 40 GPa and G from 0 to 20 GPa for the five pyrophosphates C1-C5 together with a selected set of materials within the same range. The 
Mechanical Properties
Mechanical properties are essential for any materials with technological applications. However, there is very little information on the mechanical properties for pyrophosphate crystals in contrast to their vibrational properties. To fill this gap, we have calculated the elastic coefficients from the VASP relaxed structure for the five crystals. From the elastic coefficients, the mechanical parameters for these crystals are obtained using the VRH approximation for poly-crystals [17, 18] . They are bulk modulus (K), shear modulus (G), Young's modulus (E), and Poisson's ratio (ï), and are listed in Table 4 . Also included are the Pugh ratio G/K and the universal elastic anisotropy parameter A U [54] . A U equal to 0 implies perfect isotropy and is usually much less than 2 and seldom goes beyond 4 for most crystals with different crystalline symmetries [54] . There is a large variations of A U among the five pyrophosphate crystals with a low value of 0.7182 for C4 and high value of 3.610 for C1, thus C1 is far more elastically anisotropic than C4. Generally speaking, low symmetry triclinic crystal should have higher A U compared to orthorhombic crystals, however, it is still disconcerting that C5, which is also orthorhombic, has much larger A U than C4. Each of these mechanical parameters are correlated and all are derived from the elastic coefficients. The higher the bulk modulus, the less compressible is the system. Shear modulus is related to the rigidity of the material and Young's modulus represent stiffness of the material. G/K is a parameter based on Pugh's criteria [55] to estimate brittleness or ductility in pure metals from comparative analysis. i.e., if G/K ratio is high, then it is brittle and ductile if the G/K ratio is low. However, Pugh's ratio may also work in other materials, as it also has relation with Poisson's ratio (ï) i.e., higher G/K ratio lower is ïand vice versa. All five crystals have low K and G values, with K ranges from 22.88 GPa to 30.28 GPa and G ranges from 13.90 GPa to 15.63 GPa respectively. As a result, G/K ratio ranges from a low value of 0.4591for C4 to a much higher value of 0.6831 for C1. This is a variation of almost 50% in the Pugh ratio signal the brittle nature for C1 and being ductile for C4. Given the fact that they have almost identical TBOD (C1: 0.02125 and C4: 0.2139), there must be a credible reason for rationalization with the use of Pugh ratio. In Figure 6 , we plot the G vs K in the range for K from 0 to 40 GPa and G from 0 to 20 GPa for the five pyrophosphates C1-C5 together with a selected set of materials within the same range. The slopes of the dashed lines show the G/K ratio which are close to the inverse of the Poisson's ratio for the pyrophosphates. They can be divided into two groups with G/K = 0.611 (C1, C5) and 0.457 (C2, C3, C4). One is ductile and the other is brittle, according to Pugh ratio criterion of greater or larger than G/K around 0.5 [55] . We are not aware of experimental measurement for these pyrophosphate crystals, so the results presented can be considered as theoretical predictions.
the five pyrophosphates C1-C5 together with a selected set of materials within the same range. The slopes of the dashed lines show the G/K ratio which are close to the inverse of the Poisson's ratio for the pyrophosphates. They can be divided into two groups with G/K = 0.611 (C1, C5) and 0.457 (C2, C3, C4). One is ductile and the other is brittle, according to Pugh ratio criterion of greater or larger than G/K around 0.5 [55] . We are not aware of experimental measurement for these pyrophosphate crystals, so the results presented can be considered as theoretical predictions. Figure 6 . Shear modulus G vs bulk modulus K for the 5 pyrophosphates and other selected crystals such as chalcogenides [56] , oxide glasses [57] , organic molecules [58] , alkali metal halides [59, 60] , thallium halides [60] within the same range of G and K. The slope of the dashed lines gives the G/K values 0.611 and 0.457.
Optical Properties
The optical properties for the five pyrophosphate crystals are calculated in the form of complex dielectric function based on the one-electron theory of interband optical transition. The calculated real (ɛ1) and imaginary (ɛ2) parts of frequency-dependent dielectric function are shown in black and red color respectively in Figure 7 (center panel (a) to (e)). Optical absorption spectra in all five crystals above the absorption threshold of 5.0 eV show five peaks-A, B, C, D, and E-roughly in the ultraviolet region. This feature is related to the similarity in the TDOS of Figure 3 dominated by the PDOS of the H2P2O7 unit. However, for the absorption spectra for the Cu containing crystals C3 and C4 in Figure 7c ,d, additional absorptions occur in the 0.0 eV to 5.0 eV region, which are in the infrared, visible, ultraviolet spectral region (see the far left column in Figure 7 ). This is due to the presence of unoccupied part of the metallic band discussed in Section 4.1. This made the optical properties in C4 resemble a metallic material with huge peaks at energy close to 0.0 eV. On the other hand, the optical properties for C3 are quite reasonable, despite the same chemical composition and formula with C4. The optical absorption (ε2) in C3 occurs at a higher photon energy than in C4. After Kramers-Kronig transformation of ε2 to ε1, ε1 at zero is only slightly larger than those in C1, C2, and C5 but are still . Shear modulus G vs bulk modulus K for the 5 pyrophosphates and other selected crystals such as chalcogenides [56] , oxide glasses [57] , organic molecules [58] , alkali metal halides [59, 60] , thallium halides [60] within the same range of G and K. The slope of the dashed lines gives the G/K values 0.611 and 0.457.
The optical properties for the five pyrophosphate crystals are calculated in the form of complex dielectric function based on the one-electron theory of interband optical transition. The calculated real (ε 1 ) and imaginary (ε 2 ) parts of frequency-dependent dielectric function are shown in black and red color respectively in Figure 7 (center panel (a) to (e)). Optical absorption spectra in all five crystals above the absorption threshold of 5.0 eV show five peaks-A, B, C, D, and E-roughly in the ultraviolet region. This feature is related to the similarity in the TDOS of Figure 3 dominated by the PDOS of the H 2 P 2 O 7 unit. However, for the absorption spectra for the Cu containing crystals C3 and C4 in Figure 7c ,d, additional absorptions occur in the 0.0 eV to 5.0 eV region, which are in the infrared, visible, ultraviolet spectral region (see the far left column in Figure 7 ). This is due to the presence of unoccupied part of the metallic band discussed in Section 4.1. This made the optical properties in C4 resemble a metallic material with huge peaks at energy close to 0.0 eV. On the other hand, the optical properties for C3 are quite reasonable, despite the same chemical composition and formula with C4. The optical absorption (ε 2 ) in C3 occurs at a higher photon energy than in C4. After Kramers-Kronig transformation of ε 2 to ε 1 , ε 1 at zero is only slightly larger than those in C1, C2, and C5 but are still reasonable. A plausible explanation on the difference between C3 and C4 is that they have different crystal symmetry (space group P-1(Ci) and Pnma(D 2h 16 ), respectively) despite these two Cu-containing pyrophosphates have the same chemical formula. This is one of the very rare examples that the crystal symmetry can play a critical role in the optical properties in the infrared frequency region. The refractive index for the five pyrophosphate crystals can be obtained from the square root of zero-frequency limit of real part of the dielectric function (ε 1 (0)). They are listed in Table 3 and are in the range of 1.44 to 1.53. The value of n = 17.06 for C4 is questionable due to large absorption in the infrared region. These refractive index values can be compared with 60% glucose solution in water (1.44) [61] , BaF2 (1.47) [62] , CaF2 (1.433) [62] , SrF2 (1.44) [62] , CsF (1.48) [62] , RbBr (1.55) [62] , and RbCl (1.49) [62] etc.
In the right panel of Figure 7a '-e', we display the calculated energy loss function (ELF) for the five crystals whose optical absorption spectra are shown in the center panel. The peak of ELF is known as plasma frequency (ω p ), ω p is the frequency of collective excitation of electrons in solid at high energy and can be easily measured experimentally. The ω p for all five crystals are listed in Table 3 . They range from 20.85 eV in C2 to 23.14 eV in C3. In the right panel of Figure 7 ((a') to (e')), we display the calculated energy loss function (ELF) for the five crystals whose optical absorption spectra are shown in the center panel. The peak of ELF is known as plasma frequency (ωp), ωp is the frequency of collective excitation of electrons in solid at high energy and can be easily measured experimentally. The ωp for all five crystals are listed in Table  3 . They range from 20.85 eV in C2 to 23.14 eV in C3. 
Summary and Conclusions
We have presented detailed results on the quantum mechanical calculation on electronic structure, partial charge, interatomic bonding, mechanical and optical properties of five pyrophosphates with very complex structures. To our knowledge, these are the first time such calculations have been attempted. This enable us to make detailed comparisons on the structure and properties among them.
